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Abstract 
Currently, small scale manufacturing is limited to manual assembly due to high product specific costs for fully-automated 
production. Human robot collaboration (HRC) aims to overcome this problem with semi-automated production by incorporating 
sensor integrated robotics in more fields of human activity. One key aspect for industrial use of human-robot collaboration is cost 
efficient adaptability for different manufacturing scenarios. This paper introduces a method that satisfies these demands by 
simplifying robot tools. Algorithms leveraging the sensor integration of collaboration robots are used to reduce product specific 
costs. The feasibility of this method is validated by implementation into a flexible screwdriving tool.  
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1. Introduction 
Human robot collaboration (HRC) has gained a great 
amount of research effort in recent years. This is due to a large 
variety of opportunities that come with enabling hybrid 
workspaces where robots are not separated by safety barriers 
and are collaborating with human operators. Such workcells 
enable the implementation of a flexible and reconfigurable 
production system, where humans handle the tasks that require 
complex sensing and motions and robots handle monotonous 
repeated and unergonomic tasks. In this way a production 
system is achieved that can easily be adapted for different 
product variants and batch sizes. The advantages of an 
adaptable production system contribute especially for industries 
with small scale productions and a wide product variety. 
Recently, research focused on the technological basics to 
enable a reliable collaboration, safe and ergonomic for the 
human operator. This includes vision [1], capacitive [2] or force 
[3] based sensors for collision avoidance and interfaces or 
algorithms for simple robot control such as barehanded 
teaching, voice commands [4] or gestures control [5]. Despite 
all these advances and innovations it has not yet come to an 
extensive introduction of the HRC concept to production 
environments [6]. Besides challenges with certification of 
safety functions and operator acceptance, there are also 
concerns in economic operability. This is due to investments for 
hardware, which can be very expensive in case of human 
collaboration robots and engineering. There are still no 
standardized application scenarios; workcell designs must be 
developed individually and cost are increased. An important 
factor to advance HRC is therefore the development of robotic 
tools with standardized interfaces that enable a fast and cost 
efficient adaptability of workcells for different tasks and 
product variants. Such tools have not yet been the focus of 
research and will be addressed in this work. Since human 
collaboration robots usually entail a wide field of integrated 
sensors, they enable the opportunity to develop standardized 
tools that take advantage of those sensors. By using those 
integrated sensors, tools can be designed, which are technically 
much simpler than conventional tools for automation and tool 
costs can be reduced. In this paper a framework is proposed that 
will help to methodically develop such simplified tools for 
human collaboration robots and thus ensure the profitability of 
HRC in future applications. 
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2. Hardware and recent applications for human-robot 
collaboration 
State of the art robotic systems enable HRC particularly 
through the use of sensitive force / torque sensors in the drive 
units of the robot axes. The torque of every axis is constantly 
measured during movement of the robot and collisions can be 
detected. A difference between the measured torque and a 
variable with the acceptable value stored in the control system 
directly triggers the robots safety brakes [7]. The selection of a 
suitable robot is generally based on the technical specifications 
of the application to be implemented. Currently, there are six 
considerable industrial suppliers of HRC-enabled robot 
systems, which have a certification for industrial application on 
the German market: KUKA (LBR iiwa), Fanuc (CR-35-iA) 
Universal Robots (UR3/5/10), ABB (previously Gomtec - 
Roberta), MRK-Systeme (KR5 SI) and Bosch (APAS) [8]. The 
systems differ in workspace (up to 1,3 m), repeatability (down 
to 0.08mm), payload (up to 35 Kg), integration of grippers or 
multiturn axes and in the integration of additional sensors. Such 
sensors include vision sensors, 3D area sensors [9] or tactile 
sensor skins [3] they can be used for the detection of parts for 
visual servoing [10] or as additional safety feature. A recent 
development that has not yet been implemented in industrial 
robots are safety features based on capacitive sensors. 
Hoffmann et.al. for example developed  a capacitive based 
safety system, to detect humans and static obstacle in close 
distance to the robot [11]. Since a collision can be detected 
reliable at an early stage, the speed of robotic movement can be 
increased in HRC workspaces. Not all sensors that have been 
developed for HRC are directly integrated into the robot. Some 
applications integrate additional vision sensors into the 
workcell to enhance the scope of application. Such systems can 
be used to detect humans and object in a larger area of the 
workspace and dynamically adapt the speed according to the 
distance of the object. A further possibility of such systems is 
the implementation of online path planning to avoid collisions 
in advanced by adapting the robots motion sequence [1, 12]. 
One example for an industrial system that enables the 
implementation of such applications is the “SafetyEye“ from 
Pilz GmbH & Co. KG [13]. 
Recent industrial applications include MRK-Systeme „KR5SI“ 
robots that are assisting workers in assembly operations at Audi 
AG by handing coolant expansion tanks in order to optimize 
ergonomic issues [14], UR 5 robots that are used at the 
Volkswagen plant in Salzgitter for cylinder head assembly [8], 
UR 10 robots that are used at BMW for collaborative door 
sealing [15], Bosch „APAS“ robots handling actuators and 
sensors at Volkswagen Sachsen [8] and conventional robots 
expanded with vision-based safety stems at Audi Neckarsulm 
for acceptance testing for industrial robots in HRC settings [8]. 
All these applications have in common that they have been 
development individually with high development cost. To 
optimize the development process for HRC, more research for 
standardized platforms, tools and interfaces is necessary. 
3. Development approach for simplified robot tools used 
in human-robot collaboration 
The development of tools for human robot collaboration 
requires the contemplation of aspects and constraints that go 
beyond the considerations for conventional robotic tools. 
Figure 1 shows a framework for methodological development 
of tools that takes this factors into account. 
One of the most important factor is the safety aspect. Since 
humans have to interact with the robots, the tools have to be 
designed to prevent injuries and integrated in the overall safety 
concept. The next aspect is the tool cost reduction. Since HRC 
is mainly used in frequently changing production scenarios, the 
adaptability for different task must be more cost-efficient then 
in conventional automation. This is on the one hand achieved 
by leveraging the sensor integration in HRC robot and on the 
other hand by developing control algorithms for HRC which 
can be reused for similar subtask in different applications. The 
last aspect is the adaptability for different production scenarios. 
This is achieved by using standardized interfaces while 
integrating the tools in the HRC workcell. The development 
process is always affected by the entire workcell design, such 
as the safety system, the robotic controller, or the human-
machine interface (HMI). However, those systems are not the 
focus of this paper, but are respected as boundary conditions for 
the tool development. 
 
 
Fig. 1. Methodological framework for the development of HRC tools  
3.1. Tools specific risk analysis 
As a first development step, for HRC tools, it is necessary 
to verify that the tool can be used in the worst case scenario of 
a collision. A collision between a collaborative robot and a 
human leads to injuries of the affected parts of the human’s 
body, while the components of the robot or the tool is usually 
not deformed. The potential degree of injury depends on the 
type of contact (transient/static), the effective robot mass and 
speed, the duration of impact, the collision surface area and the 
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effected body part. The resulting forces may not exceed the 
maximum permissible body compression for minor injuries. To 
comply with this requirement medical-biomechanical limits 
have been specified according to ISO / TS 15066. The standard 
defines values for the maximum permissible force (shock and 
clamping / squeezing) and the admissible surface pressure. 
Additionally, compression constants were identified for each 
body area, which are used as a characteristic value for the 
maximum compression displacement until the defined limits 
are reached. By using mathematical representations of these 
limits the maximum overall external force can be determined 
for a collision surface area. This force has to be determined for 
the worst case with the smallest collision surface and for the 
most vulnerable body part that might be affected. The 
maximum transient force has to be compared with the 
adjustable range of the force sensors in the robot controller. The 
implementation of the HRC concept is only possible if this 
force can be detected. All calculations at this stage have to be 
carried out with respect to the entire HRC workcell design and 
should be utilized to coordinate requirements for a distance-
velocity control. 
3.2. Tool simplification for cost-efficient HRC applications 
For the development of simplified tools for use in HRC two 
approaches have proven to be suitable. Since a lot of robotic 
tools have already been developed for fully autonomous 
production, those tools can be used as basis for simplification. 
Automatic screwdriving systems for example are equipped 
with sophisticated vision and force based sensor technology 
[16]. Costs can be reduced by omitting this hardware 
leveraging the integrated sensors of the robot. Additional costs 
can be reduced by the abandonment of a tool specific 
controller, by integrating the algorithms for operation into the 
robot controller. Another approach for development of simple 
tools is the contemplation of tools used for manual operation. 
For the example of the screwdriving tool, automation could be 
carried out by adapting an electric powered screwdriver for 
manual handling as robotic tool. Depending on the desired 
degree of automation, additional functions may have to be 
integrated into the robotic tool. Following the example of the 
screwdriving tool, the screw could be fed by the operator or by 
additional actuators integrated into the tool. Based on the 
analysis of conventional tools morphological approaches and 
utility analysis should be used to determine the optimal solution 
for an HRC tool for a specific application. Additionally, 
knowledge databases have to be established for HRC 
applications to reduce future development effort. 
3.3. Evaluation of suitable algorithms 
Besides a literature research at conventional platforms for 
scientific publications, the starting point for the evaluation of 
suitable algorithms should be established open source libraries. 
The library OpenCV (Open Source Computer Vision) for 
example already implements various algorithms for object 
identification, segmentation and recognition, stereo vision or 
machine learning. Additional libraries that can provide suitable 
algorithms are OpenNN (Open Neural Networks Library), 
AForge.NET (computer vision and artificial intelligence) and 
OpenCog (artificial intelligence). The selection of the best 
suited algorithm should be based on the evaluation of runtime 
duration, accuracy, repeatability and stability. The algorithms 
of these libraries are intended for general purpose and further 
programming work and the combination of multiple algorithms 
might be necessary to enable a specific application. This 
increases development time, thus costs are unpredictable. The 
solution for this problem is the establishment of a library with 
algorithms leveraging the sensor integration of collaboration 
robots for specific HRC applications.  
3.4. Tool design for HRC safety 
Basically, the probability of collision between humans and 
robots at collaborative workplaces must be minimized by 
appropriate means. The safety system is responsible for 
avoiding such collisions. Nevertheless, design requirements for 
the dynamic and static components of the work system must be 
respected for the case of a collision. Standards and guidelines 
define the basic conditions implementation of a tools design. 
Within this work the German guideline BG/BGIA 2011 and the 
standard ISO/TS 15066 is applied. In case of a collision no 
sharp, pointed, cutting edges or rough surfaces have to be in the 
contact area, no surface load is allowed that exceeds the limits 
specified for the maximum total force and surface pressure. The 
workspace has to be designed in such a way that the operator is 
able to avoid clamping situations. For this purpose, appropriate 
housing, covers and separation planes have to be used to 
minimize the risk of injury. The determination of geometric 
values is still being discussed. So far the guideline BG/BGIA 
2011 recommends a distance between two opposite points of 
the outline of the collision surface of ı5 mm when designing 
the housing of a tool. Additionally, the ISO / TS 15066 
specifies a minimum edges radius of 2.5 mm. 
3.5.  Adaptability of HRC applications 
For integration of the developed tool and algorithms into the 
entire workcell the focus has to be on the interoperability for 
further application. This is important at this stage to prevent 
insular solutions that can only be used within a specific hard-
and software environment. The key aspect is the robot 
controller, because its interfaces define the programming 
language, the HMI and the integration of sensors and actuators. 
Currently, most industrial robot controllers have proprietary 
interfaces that prevent interoperable solutions. Robotic 
companies have to standardize their interfaces and open their 
controllers for software package that can be executed in the 
controller’s real-time core for sensor guided tasks. Since this is 
currently not the case, open source controllers are an 
appropriate alternative. One platform that has been proposed 
for such an implementation, is ROS (Robot Operating System) 
[17]. With ROS industrial an interface has been established, 
which can address several industrial robots and provides all the 
290   Roman Gerbers et al. /  Procedia CIRP  44 ( 2016 )  287 – 292 
 
necessities to develop a standardized ecosystems for HRC that 
complies with the plug-and-produce [18] concept . 
3.6. Experimental Validation 
During commissioning of the developed tool, the reliability 
and safe operating of the system have to be evaluated. 
Acknowledged issues have to be documented in order to 
enhance further development processes. 
4. Case study: robot assisted disassembly for recycling of 
electric vehicle batteries 
4.1. Background 
The rising number of electric vehicles (EV) will eventually 
lead to a comparable number of EV batteries reaching their 
end-of-life. Efforts are therefore being made to develop 
technologies and processes for recycling, remanufacturing and 
reusing EV batteries. One important step of many processes is 
the disassembly of end-of-life EV batteries, which proves a 
challenging task due to unpredictable lot sizes and volumes, as 
well as significant variations in battery design between 
different car models. In response to these challenges and the 
increasing demand, it is a suitable application for human robot 
collaboration. 
4.2. Scope of assessment 
Currently the unscrewing of a bolting takes place manually 
due to the high number of variants and the unknown product 
condition during disassembly [19]. The tasks to solve for 
automation are tool change, releasing of the connector and the 
transport of the detached screw or nut. Previously developed 
tool [20, 21] for an automated loosening of fittings, turned out 
not to be economical. The reasons for this are the mechanical 
complexity of the tool, the detection of the connectors position 
(e.g. image processing) and sensor integration into the tool 
required for the process monitoring. Furthermore, additional 
handling devices are needed for transportation of the detached 
components.  
By using the proposed method and the integration of the 
sensors and actuators into the robot it is possible to develop a 
structurally simple and thus cost-effective tool for the 
disassembly of threaded connections. With sensor integrated 
robots for human collaboration, suitable systems are available. 
In comparison to existing systems the configuration of the tool 
can be reduced to an electric motor with a tool holder, a 
standard component removed for a cordless screwdriver. By 
integrating a gripping mechanism into the tool, the whole 
process can be realized with one handling device. Due to the 
intended compact design and the associated low mass, the risks 
in a collision is reduced and the requirements describing a 
sufficient housing will not further restrict the robot movements. 
The unknown product condition at the end of the product life 
cycle can now be managed with the possibility of additionally 
manual post-treatment in terms of HRC. 
4.3. Tool development 
Due to the integration of the sensors and drives into the robot 
structure, the process control and monitoring can take place 
into the robot controller resulting in new potentials for process 
design and process adaptation. This will be shown for the most 
complex and time-consuming process step the tight fit to 
compensate lateral tolerances between tool and drive: Criteria 
for the selection of an optimal algorithm is a minimum 
throughput time, therefore a small average of seek time for the 
tolerance compensation. Based on the bolt-hole problem [20–
22] three controlled strategies were identified. Uncontrolled 
methods were excluded because of their widely varying and 
unpredictable search behavior. A search algorithm resulting in 
a rotating linear vibration and a two-axis linear vibration turned 
out not to be suitable because of the search time depending on 
the varying position form the screw relative to the beginning of 
the orbital motion. Also the local denser spaced or frequently 
intersecting search lines, extended the search time.  
In contrast, the constant spacing between the orbitals of a spiral 
search strategy ensures that no point is scanned twice. In 
addition, the beginning of the search path near by the 
connection position reduces the process time. The developed 
parametric, spiral search strategy (Figure 2) theoretically offers 
a proven tight fit by compensating the angular displacement δ 
based on the coupling of orbital speed and tool speed of 
rotation. By adjusting the spacing between the orbitals und the 
orbital speed the process time decrease in accordance with an 
increasing thread diameter. This also leads to a larger chamfer 
of fitting (cf. Norm ISO 4014) which describes the local lateral 
tolerance compensation (Figure 3). Thus compared to the 
existing tools that are dimensioned for the smallest expected 
chamfer, the process time can be reduced. The tolerance 
compensation in the form of a path deviation is enabled by the 
operation of the robots integrated stiffness regulator. Due to 
this, the tool behaves as suspended on springs. The process has 
been optimized by the choice of suitable parameters for the 
stiffness control. 
 
 
Fig. 2. Operation principle for a spiral search strategy 
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Fig. 3. Process time depending on chamfer diameter 
Apley et. al demonstrated that force measurement can be 
used for quality assurance in unscrewing operations [23]. 
Therefore, a measurement system was implemented to review 
the tight fit, the loosening and the release of the screw or nut 
by monitoring the force at the tool and the return stroke of the 
TCP as shown in Figure 4. In case (a) a transient rising edge in 
the beginning and fall of the torque at the end of the return 
stroke indicate a successful process. The significantly lower 
torque jump in (b) and the following constant torque point to a 
damaged or cut off drive. In case (c) the continuous maximum 
torque indicates a non-surmountable loosening torque. A not 
completely unscrewed thread shows the high torque at the end 
of the return stroke in case (d). The other necessary process 
steps are also controlled with the use of tactile functionalities 
of the robot controller. The contact between the tool and 
component can be detected with the increase of the measured 
torque in the joints. The tool change is done using a robot 
motion for plugging and unplugging of conventional - used in 
the manual tasks - tool attachments with a clamping by spring 
force. Thus an additional actuator for receiving the tool 
attachments is obsolete. The structure of the gripping 
mechanism was simplified in a morphological design process 
to a one finger gripper with one actuator. While using a tight fit 
between the tool and the component as gripping point.  
 
 
Fig. 4. Measured forces on the tool and the return stroke of the TCP  
4.4. Results of the evaluation 
The prototype of the developed screwdriving tool, with an 
electric motor and a pneumatic actuated gripper is shown in 
Figure 5. The hardware only requires simple electronic motion 
control units that are driven from the robot controller. The total 
hardware cost of the prototype is about 160 € (80 € pneumatic 
components, 60 € motion control electronics and drive, 20 € 
additional components). Compared to the unscrewing system 
developed by Apley et. al. [23] costs are significantly reduced 
by waiving an active, driven and controlled compensation 
mechanism used for unscrewing operations. The functional 
integration of a screw gripper makes additional handling 
equipment for removal of loosened parts unnecessary which 
also reduces hardware cost. Furthermore, developed algorithms 
can be reused for other joining operations and the robot sensors 
are available for other tasks. This also justifies the high 
purchase price for collaborating robots because cost-efficient 
adaptability for different applications is enabled. For safe 
collaboration with human operators a housing for the tool was 
designed in accordance to the specifications described in 
section 3.4.  
 
 
Fig. 5. Prototype of screwdriving tool without housing   
Figure 6 shows a series of measurements on a test rig to 
validate the functionality of the system based on the process 
step tight fit. The measurement was performed ten times for 
each measuring point with different directions of the positional 
deviation. The results verify the functionality of the 
implemented process. However, also a strong dependence of 
the maximum compensable tolerance depending on the 
diameter of the screw head or the nut and their geometric shape 
was observed. The application of the process on different 
battery systems shows that edges in the workspace interfere the 
tight fit. To overcome this problem further development of the 
process has to take the entire disassembly cell into account.  
By incorporating this search algorithm in a standard library 
for the HRC, this functionality can be applied on other joining 
problems. The monitoring of the moment and the return stroke 
can easily be transferred to other joining operations such as 
bolting. With the developed solutions further development of 
screwing tools become easier. 
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Fig. 6. Experimental results of tool validation  
5. Conclusion and Outlook 
The increasing demand for productive and flexible 
production systems will lead to a growing implementation of 
robotics in more fields of human activity. An economic 
implementation of HRC can only be successful, if product 
specific costs are reduced and the adaptability for different 
production scenarios is possible with low effort. This work 
presented a methodological approach that aims to satisfy the 
demand of a production system that can be flexible adapted for 
different scenarios reducing tool specific costs. The feasibility 
of the development approach is demonstrated in a case study 
for robot assisted disassembly for recycling of electric vehicle 
batteries. A simplified and cost effective tool for unscrewing of 
a wide variety of screws and nuts is presented. The evaluation 
indicates that a reliable use of the tool is feasible.  
Further the results show that the proposed method is a good 
framework for the development of HRC workspaces. However 
further work is necessary to provide a more extensive basis for 
a rapid development processes of HRC workspaces. Design 
catalogs and guidelines for HRC tools have to be elaborated, 
standardization has to be advanced including a library for 
algorithms that generally enables HRC applications, a HMI for 
simple ergonomic use of human collaboration robots and an 
open controller platform with appropriate interfaces. Since 
ROS provides all the necessities to develop such a standardized 
HRC ecosystem, further research will focus on the 
implementation of the proposed features within this system. 
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